abbreviationS CTV = clinical tumor volume; GBM = glioblastoma multiforme; GTV = gross tumor volume; IFXRT = involved-field radiation therapy; KPS = Karnofsky Performance Scale; LE = leading edge; LERS = leading-edge radiosurgery; TRIC = treatment-related imaging change. SUbMitteD June 9, 2016. obJective Glioblastoma multiforme (GBM) is composed of cells that migrate through the brain along predictable white matter pathways. Targeting white matter pathways adjacent to, and leading away from, the original contrast-enhancing tumor site (termed leading-edge radiosurgery [LERS]) with single-fraction stereotactic radiosurgery as a boost to standard therapy could limit the spread of glioma cells and improve clinical outcomes. MethoDS Between December 2000 and May 2016, after an initial diagnosis of GBM and prior to or during standard radiation therapy and carmustine or temozolomide chemotherapy, 174 patients treated with radiosurgery to the leading edge (LE) of tumor cell migration were reviewed. The LE was defined as a region outside the contrast-enhancing tumor nidus, defined by FLAIR MRI. The median age of patients was 59 years (range 22-87 years). Patients underwent LERS a median of 18 days from original diagnosis. The median target volume of 48.5 cm 3 (range 2.5-220.0 cm 3 ) of LE tissue was targeted using a median dose of 8 Gy (range 6-14 Gy) at the 50% isodose line.
W
HO Grade IV astrocytoma (glioblastoma multiforme [GBM] ) is the most common primary malignant brain tumor in adults, with an annual incidence of nearly 3.13 per 100,000 persons. 10 In 2014, the National Cancer Institute estimated that there were 23,380 newly diagnosed brain or other CNS tumors, with an estimated 14,320 deaths. 10 GBM accounts for approximately 15% of all brain tumors and primarily occurs in adults between the ages of 45 and 70 years. 10 Unfortunately, despite aggressive surgery, radiation therapy, immunotherapy, 28, 38, 40, 41, 49, 55 and chemotherapy, the prognosis for this disease remains poor.
Recently, bevacizumab has been relegated to adjuvant therapy for recurrent disease only 13 and temozolomide has shown static results even with dose escalation. 5, 14, 45 Optune TTF 11 had originally been shown to have only the same efficacy as best medical therapy, but results of a new larger upfront study boast a median survival of up to 20.5 months. Unfortunately, to achieve this, the patient is relegated to wearing a headgear device 18 hours per day for a year.
Local recurrence remains the predominant mode of treatment failure, with 90% of recurrences located within 2 cm of the enhancing edge of the original tumor on imaging. 18, 53 Although extent of resection is important, despite improvements in technique such as image-guided surgery and microneurosurgery, local control of GBM cannot be achieved with surgery alone. 1, 3, 6, 26, 52, 56 Indeed, Dandy and others noted that even hemispherectomy was not curative. 8 This should not have been surprising, however, because by the time of diagnosis, tumor cells had already spread from the tumor epicenter.
Image-guided stereotactic biopsies typically confirm infiltrating tumor cells in the edematous region (FLAIR positive) beyond the contrast-enhancing tumor margin as demonstrated on either MR images or CT scans. 20 Because of this pattern of spread, the benefits of surgery are limited and the morbidity of more extensive resection outweighs any improvement in local control. Thus, a maximal safe resection, followed by temozolomide chemotherapy with concomitant involved-field radiation therapy (IFXRT), remains the current standard of care for surgical management of GBM, despite only a modest increase in median survival of 2.5 months with the addition of temozolomide. 45 Similarly, in the case of recurrent GBM, results of studies using temozolomide in varying regimens and bevacizumab have been disappointing. 7, 21, 33 In a study combining ipilimumab and bevacizumab for new and recurrent GBM, 33% of patients showed a partial response, 31% had stable disease, and 38% had disease progression. The treatment combination was "well tolerated," although the treatment protocol was terminated before completion due to adverse events in 10% of patients. 5 The RTOG 93-05 trial, which compared carmustine with or without a radiosurgery boost to the enhancing nidus, showed no difference between the 2 groups. This study demonstrated the futility of targeting only the gadolinium-avid portion of a GBM. This study did not address the fact that tumor cells had already migrated well beyond the study target for radiosurgery. 43 We have addressed this deficiency of RTOG 93-05 and have defined a new and novel target for radiation dose escalation along migratory white matter pathways adjacent to, and leading away from, the initial, contrast-enhancing site of GBM (as defined by FLAIR MRI and MR spectroscopy). This approach respects that the enhancing volume of GBM is only one component of the tumor burden (Fig.  1) . We term this area of spread, as defined by FLAIR positivity distant from the gadolinium avid-enhancing tumor, the "leading edge" (LE), and hypothesize that leadingedge radiosurgery (LERS) will improve local control and survival for patients with newly diagnosed GBM.
Methods
This is a retrospective analysis of 174 patients with newly diagnosed GBM who were treated with upfront LERS. Permission for the analysis of patient data was obtained from the Western Institutional Review Board for the Protection of Human Subjects and the Coast Independent Review Board. Patients were identified through the record logs of the Hoag Gamma Knife program. Only patients with a histological diagnosis of GBM at original diagnosis were included. All patients underwent craniotomy or stereotactic biopsy for tumor debulking/diagnosis prior to LERS. All patients underwent LERS before or during standard IFXRT and temozolomide chemotherapy (if available, otherwise carmustine). No patient had received any therapies, experimental or conventional, other than IFXRT and standard chemotherapy, nor did patients receive bevacizumab for a treatment-related imaging change (TRIC). Patients with multifocal GBM or gliomatosis cerebri were excluded. Tumor spread across the corpus callosum was not considered exclusionary, nor was tumor in the brainstem, cerebellum, or thalamus/basal ganglia.
Tumors were located evenly between the hemispheres, and LE volumes included the corpus callosum in 20%, the basal ganglia in 7%, and the thalamus in 6% of tumors ( Table 1 ). The target volume included the volume of tissue with FLAIR abnormality leading away from the contrast-enhancing tumor margin or resection bed along the white matter pathways of spread, as defined by the treating neurosurgeon and radiation oncologist, and encompassed little or no part of the enhancing volume. FLAIR MRI sequences and in some cases MRI-SPECT, using the standard chemical shift multivoxel software supplied by the vendor, was used to design treatment plans that targeted LE tumor migration pathways (Fig. 2) .
The dose was prescribed to the 50% isodose line in all cases, using multiple isocenters to encompass the margin of the LE. The mean target diameter was 20.5 mm (range 10.9-66.3 mm). The median age of patients was 59 years (range 22-87 years). The median recursive partitioning analysis class was 4 (range [3] [4] [5] . Patients underwent LERS a median of 18 days from the original diagnosis. The median target volume of 48.5 cm 3 (range 2.5-220.0 cm 3 ) of LE tissue was targeted using a median dose of 8 Gy (range 6-14 Gy) (Figs. 3 and 4).
The median Karnofsky Performance Scale (KPS) score before LERS was 90. Eight of 174 patients underwent a second or third treatment of LERS, which occurred a median of 12 months after their first LERS. The primary end point of this study was overall survival from time of diagnosis.
It was possible to determine IDH-1, MGMT, and EGFRV3 status for patients treated in the most recent 5 years. Thirty-five of 37 (94.5%), 51.8%, and 61.1% of patients tested negative for IDH-1, MGMT methylation, and EGFR overexpression, respectively.
results
The median overall survival from diagnosis was 23 months (standard error 0.78 months, mean 43 months). At the time of analysis, 149 patients (86%) were dead. The 2-, 3-, 5-, 7-, and 10-year actual overall survival rates using LERS were 39%, 26%, 16%, 10%, and 4%, respectively (Fig. 5 ). As seen in this graph, compared with the data from studies by Stupp et al., 45, 46 patients who had adjunctive LERS lived longer.
Nine percent of patients developed TRICs, and 4% required operative intervention for treatment-related symptoms. Six percent of patients had permanent complications attributed to this treatment. The major complication was a symptomatic TRIC (16 of 25 surviving patients), which occurred 6-14 months after LERS (Figs. 6 and 7). One patient experienced a long remission after his first LERS, but after a second LERS for recurrent disease, the TRIC became symptomatic at 1 year. TRICs were typically controlled with a single course of dexamethasone 4 mg four times per day tapering over 16 days, or a second course separated by a week. Seven of the surviving 25 patients required surgical debulking for symptomatic TRICs. Other hospital readmissions included hospitalization for medical management of edema (33 patients) and placement of a shunt for hydrocephalus (4 patients). Resection of a new tumor cyst or new tumor bulk occurred in 38 patients.
It was very difficult to address the morbidity of LERS compared with natural history morbidity of GBM. Of the patients still alive, KPS scores remained stable in 90% and decreased by 1-3 grades in approximately 10%. The decrease in KPS scores in this subset of patients was temporally related to the TRIC and not actual GBM disease progression. Four of these patients underwent hyperbaric oxygen therapy with minimal clinical improvement. None in this series of upfront-treated patients were treated with bevacizumab for TRICs.
Discussion
The main difference between GBM and other tumor 34 20 types is that the dividing cells do not grow like a snowball, getting ever larger in a spherical fashion. Instead, their phenotype is to become motile, and their rate of aggressive migration may differ between patients. This explains why tumors may appear as multifocal or in the form known as gliomatosis cerebri. It is possible that the IDH-1 variant has a more favorable prognosis because its migration profile is slower. A key aspect of this mutation to the GBM phenotype is that if the cells are rendered unable to migrate, they die.
12,37 Thus, we propose that tumor cells within the original enhancing volume of a GBM are usually adequately managed through aggressive resection and IFXRT. After time, however, when they have ultimately outgrown their blood supply, the tumor cells invade locally, seen as palisading histologically. If rendered unable to migrate, perhaps by scarring of the white matter pathways by LERS or direct tumor cell kill by the same, the cells are innately programmed to undergo apoptosis. Furthermore, these apoptotic cells may then serve as an autovaccine to upregulate nearby T cells toward an abscopal effect.
34,44

Migration of gbM cells
Work with glioma cell lines has shown that diffuse astrocytomas, especially GBM, invade the brain preferentially along white matter fiber tracts.
9,12 Glial cells express genes that produce membrane type 1 matrix metalloproteinase, 2 which enables breakdown of the extracellular matrix of white matter, enabling the development of invadopodia and subsequent migration along white matter tracts. Because this property is shared with human fetal brain cells that have been transplanted into the adult brain, it has been hypothesized that the migratory mechanisms of glioma cells may be related to embryonic development and germinal matrix migration. 25, 32 Extracellular matrix remodeling proteins such as membrane type 1 matrix metalloproteinase have been implicated in the mechanism of the migration, because they actively degrade the matrix and create space for the invading glioma. 2 Upregulated expression of extracellular matrix protein tenascin C, which increases production of contractile machinery and integrin adhesion molecules, has been positively correlated with malignancy and invasiveness. 50 It has also been shown that if the cells are rendered incapable of migrating, they self-destruct. 12, 36, 37 The malignant phenotype must migrate to survive. Spread along white matter pathways generally leads to contralateral spread via the corpus callosum and corona radiata, leading to diffuse, incurable disease. The pattern of spread of GBM suggests that targeting the original enhancing tumor site will be insufficient when attempting dose escalation. If glial cells have already migrated at the time of treatment, then targeting the source would be ineffective. This is why radiotherapy treatment volumes include tissue beyond the contrast-enhancing margin. Upon retrospective review of MR images in our patients with GBM with recurrence following LERS, we found that recurrence most often occurred along white matter pathways that were spared from the initial targeted treatment zone. This is exemplified in Figs. 6 and 7 , where recurrence and spread occurred 9 years after treatment of the LE of a left temporal GBM outside the LE target, probably down the temporal-occipital fasciculus and corona radiata. Al- though local control in the LE volume was achieved for 9 years in this patient, failure to identify the entire LE probably led to failure of tumor migration control. Thus it is not surprising that trials focused on treating primarily the original enhancing portion of the tumor fail to show a significant survival benefit. 43 Perhaps RTOG 93-05 failed to show a survival benefit because the radiosurgery focus was on only the original, enhancing tumor.
The aberrant expression of the transcription factor REST (repressor element 1-silencing transcription factor) has been reported in different kinds of tumors. Recent data suggest that REST is a master regulator that maintains GBM cell proliferation and migration, partly through regulating cell cycle by repressing downstream genes. This might represent a potential target for GBM therapy in the future. 57 However, there are so many factors involved in the migration process 19, 22, 24, 25, 27, [29] [30] [31] 36, 39, 42, 48, 50, 51, 54, 57, 58 that targeting only one of them is unrealistic. Indeed, in one review article, the 3 characteristics of GBM migration were analyzed: adhesion, motility, and invasion. Between various adhesion molecules (integrins, cadherins, selectins, galectins, the immunoglobulin family, proteoglycans), genes and proteins related to motility (such as paxillin, vinculin, zyxin, tensin), and mutations related to GBM invasion (such as mTOR, PTEN, CAS, and DAP), there are literally hundreds of targetable factors involved in GBM migration. 23 This is why the effect of a single fraction of LERS may be more efficient-and realistic-in managing this disease. 
the effect of radiation on Migratory cells
Additional cellular research suggests that high-dose radiosurgery may be crucial to escalating the dose in the regions of white matter pathways of spread. Videomicroscopic studies have shown that high-dose (> 10 Gy) radiation impairs the motility of GBM cells, whereas nonlethal 2-Gy exposures actually increase motility by as much as 20%. 17 This may explain why dose escalation with radiation therapy in standard fractionation (1.8-to 2-Gy doses) beyond 60 Gy has not proved beneficial. Concordantly, the effect of high-dose radiation on the motility of GBM cells also suggests that stereotactic radiosurgery may be the best modality to escalate dose along white matter pathways of spread.
Based on this, it would be appropriate to consider adding LERS as an adjunct to primary therapy of newly diagnosed GBM, as early as possible after diagnosis. For this reason, the patients in our study were treated with LERS a median of 18 days after diagnosis, minimizing the time allowed for the motile tumor cells to migrate from the epicenter. It is expected that treatments directed at local control of malignant gliomas would improve overall outcomes because 90% of recurrences in malignant gliomas are located within 2 cm of the enhancing edge of the original tumor. 18, 53 The problem with this is that 2 cm is a conservative distance, based on our experience. The tumor shown in Fig. 1 had migrated at least 5 cm beyond the enhancing epicenter. If the LE of this tumor is neglected, the tumor can progress through the brain unchecked by radiation. The radiation dosage, however, must be considered due to the observed increase in GBM motility at nonlethal exposures of 2 Gy. 17 The induced local hypoxia has been shown to increase cell migration by 20%, which clearly undermines the local control of the tumor. Indeed, many efforts to intensify local radiation therapy suggest an improvement in outcome with higher doses. Dose escalation with interstitial brachytherapy had been shown to improve local control and survival in selected patients with malignant gliomas, but was ineffective in randomized trials of local delivery. 15, 16, 20 Another area of interest is the differential radiation of subependymal neural stem cell zones to potentially thwart these stem cells from becoming brain tumor stem cells that aid in the progression of GBM migration. 4 No data were generated to study this effect; however, this may be considered in future trials.
Defining the Appropriate Target
In the field of radiation oncology, GTV (gross tumor volume), CTV (clinical tumor volume), and PTV (planning tumor volume) describe target volumes of tumor vis-à-vis obvious tumor, not obvious tumor, and mechanical/subjective error volumes. The CTV is usually considered to cover an added amount of "edge" to attempt to reach even cells that have migrated millimeters away from the GTV. The LE CTV would therefore include the entire FLAIR volume (even 4-5 cm away from the GTV) plus the GTV. The actual defined LE would therefore equal the CTV minus the GTV, as long as the CTV was defined as gadolinium-enhancing tumor volume plus the entire 3D FLAIR volume. In other words, CTV takes on a new definition for GBM.
Appropriate radiosurgical targeting is essential to the success of radiation therapy in treating GBM. It has become clear that targeting the contrast-enhancing portion of the tumor alone will be insufficient, even after a fractionated 3-cm margin during IFXRT (RTOG 93-05 43 ). 2, 12, 32, 35, 47 The tumor cells are well on their way down white matter pathways by that point. Thus, the critical target is the migratory pathway leading from the epicenter of tumor cell growth. We think that either FLAIR MRI sequences and/or MRI-SPECT sequences are best used to determine these theoretical pathways, which frequently include the corpus callosum. In most patients with GBM, the volumes of these abnormal regions were well within the 50-cm 3 range and could be safely targeted for stereotactic radiosurgery. In some cases, targets included FLAIR abnormalities that were 5 cm distant from the original enhancing nidus. White matter atlases based on study of GBM tumor cell-migration statistics may provide computer-modeling assistance in the future.
leading-edge calculation algorithm
To standardize a potentially subjective definition of the LE, a planning algorithm is proposed. Prior to the day of radiosurgery, 1.5-or 3.0-T MRI 2-mm-thick FLAIR will be performed on all patients' images. The FLAIR abnormality will be outlined and a target volume will be calculated of just this region. This is to exclude patients with tumor volumes greater than a proposed upper volume limit of 80 cm 3 . If the patient satisfies inclusion criteria on the day of LERS, a volume calculation will be performed. Doses will be administered to this target volume as follows: 0-20 cm , 7 Gy. In our experience, we think that these dose ranges have an acceptable safety profile.
radiosurgical Dose Selection
Following typical dose-volume relationships, high volumes of tissue receive lower doses of stereotactic radiosurgery. Although the targeted LE tissue is presumed to contain migrating tumor cells, the appearance of the T1-weighted MR sequences is much like normal brain. Thus, the median dose choice of 8 Gy at the 50% isodose line was predicated at delivering a maximum of 16 Gy to relatively normal-appearing brain tissue with "invisible" tumor cells. In this series, few patients had complications related to edema and only 7 (4%) required surgery for debulking for symptomatic TRICs. One would not consider this to be a negative complication if it was at the expense of active tumor. Clearly, in more functional brain areas, the clinical risk must be considered. We believe that these low doses are sufficient to either scar the white matter pathways, limit local invasion and migration, and/or cause direct tumor cell death within them. Cells will undergo apoptosis if they are rendered unable to migrate.
12,37 Dose escalation or deescalation studies can be considered in the future.
Study limitations of single-user determination of the LE may be addressed using the LE calculation algorithm in a multicenter trial. In addition, diffusion tensor imaging, which was not used in this series, may prove helpful in delineating the extent of the LE. Although the molecular and genetic mutation data were average to unfavorable for survivability in this series, this information was available for only one-third of patients. Going forward, molecular and genetic analysis data will accompany all patients. Finally, selection of the patients for this study included those with tumors crossing midline as well as tumors involving the brainstem, thalamus, and cerebellum; such patients are often excluded in other studies.
conclusions
LERS is a useful adjunct to standard therapy of GBM. Based on these data, very long survival times can be potentially achieved with its use. A multi-institution study will further clarify its role in the treatment of this elusive disease.
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